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ABSTRACT: The location of power reactors in urban areas
increases the need for containment of the maximum credible
nuclear accident. Such an accident could possibly involve
a large and rapid energy release in the core region due to
a nuclear excursion. To contain the energy release (and
any subsequent release of fission products), the integrity
of the reactor primary vessel is very important. To
investigate this integrity, extensive theoretical and experi-
mental analyses were performed, and basic explosion contain-
ment laws for water-filled right-circular cylinders were
formulated and verified for a wide range of vessel materials
and sizes, These laws express explosive charge weight as a
function of vessel geometry and conventional material
properties. The basic ¢containment laws were amplified to
characterize the response of reactor primary vessels to a
large spectrum of postulated nuclear accidents. Included
in the study are experimental data on the effects upon con-
taimment of weldments, nozzles, and end constraints,
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Explosion Containment Laws for Nuclear Reactor Vessels

The work described in this report was performed under Tasks

I - IV of NOL Task-285, NOL Reactor Vessel Contaimment Program,
during the period 1956-1964, The primary objective of these
tasks, to determine the optimum containment design of nuclear
reactor vessels by utlilizing the mechanism of gross plastic
deformation as a means of energy absorption, was accomplished
along with the successful achievement of a number of secondary
objectives, This work was done under the sponsorship of the
Research and Development Branch of the Atomic Energy Commission.
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CHAPTER 1
INTRODUCTION

1.1 Foreword. The Reactor Vessel Contaimment Program was
conducted at the U, S. Naval Ordnance Laboratory, White Oak

and sponsored by the Atomic Energy Commission's Research and
Development Branch over a period of eight years (1956-1964).

The program was a fundamental and comprehensive research

effort directed to defining the magnitude of a nuclear excursion
(in terms of TNT energy and flux) that a primary nuclear vessel

18 capable of containing. The results of the work provide
relations that prescribe the design specifications of reactor
vessels for containing the energy releases due to such excursions.

1.2 Reactor Accidents. In considering the safety of any reactor
system, a large number of potential accidents are examined in
the light of their possible consequences. That accident with
the worst consequences for the public safety and which i1s con-
sidered credible within the bounds of a particular reactor
design 18 often termed the maximum credible accident or MCA

(as opposed to incredible, although possibly more hazardous,
due to the inherent reactor characteristics or mechanisms),
This report considers a type of accident that is sometimes
considered credible, namely a large and repid release of energy
at the reactor core due to an uncontrolled nuclear excursion.
Whether or not such an accident 1s the MCA depends upon the
particular reactor design.

The excursion energy generated at the reactor core 1is
frequently expressed in terms of megawatt-seconds; however,
because of similarities in rate of energy release, this acci-
dent may also be expressed in pournds of TNT particularly where
destructiveness and containment integrity are basic questions,
Bethe and Tait in reference (a), for example, were among the
first to characterize nuclear accidents in terms of TNT.
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1.3 Reactor Contaimment. W. B. Cottrell presents a somewhat
detalled containment philosophy in reference (b); only a brief
treatment will be given here. Containment is a provision to
control (1imit) the public exposure to radiation following any
reactor accident to acceptable levels. Early in nuclear develop-
ment such control was often aided in the United States through
locating reactors in huge and generally remote areas such as
Oak Ridge and the desert regions of Washington and Idaho. In
these and similar instances, the distance from each reactor to
the site boundary was intended to permit adequate control in
the event of an accident,

Several needs have evolved to radically change this picture.
The most significant of these is that location in wilderness
areas 18 not consistent with today's electric power requirements
for our industrial complexes, since these requirements generally
imply location near or even in the midst of heavily populated
areas, When central power station requirements are coupled with
the growing use of atomic plants for marine propulsion and for
research purposes, reactor containment is brought directly to
the "front door" of the general public. Consequently, contain-
ment systems consisting of combinations of structural barriers
and mechanical auxilisries must be employed to restrict the pos-
sible spread of radloactive fission products that might be
released from the core by an accident. One such barrier might
be considered to be the reactor primary vessel if its integrity
could be guaranteed.

1.4 Scope and Significance. The Reactor Vessel Contaimment
Program was directed to characterizing the excursion containment
potential of nuclear facilities in general and reactor primary
pressure vessels in particular; this was the broad purpose.

The ultimate objective was to devise general laws for containment
of the excursion within the reactor vessel and to express these
laws in a fundamental design format that would permit immediate
and fruitful use by containment engineers.
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The theoretical and experimental studies of the program
were extensive in spectrum and depth. Since the excursion
loading and vessel response parameters were so numerous and
so complex, Saint-Venant's semi-inverse method of classical
mechanics was invoked to generate an embryonic functional form
of the desired solution., The necessary boundary conditions
were obtained from over 100 experiments employing explosives
and propellants in scaled model cylinders simulating reactor
vessels. What follows is an unfolding of the rationale and
the broad spectrum of tools - both theoretical and experimental -
that were employed to characterize the parameters of contaimment
and to formulate excursion or EXPLOSION CONTAINMENT LAWS FOR
NUCLEAR REACTOR VESSELS,
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CHAPTER 2
ANCILLARY PROGRAMS

The principal mission of the Reactor Vessel Contaimment
Program, as originally planned, was to conduct basic studies
of a general character directed to containment per se, From
time to time, however, problems with particular reactors arose;
these problems and their solutions are recounted briefly in
the following paragraphs because they have provided information
basic to the development of Containment Law rationale,

2.1 Preliminary Study of Enrico Fermi Plant. In 1957, upon
request of the Atomic Energy Commission, program effort was
diverted temporarily to a preliminary contaimment study of the
Enrico Fermi Atomic Power Plant. The results of this study
were reported by E., M. Fisher and W. R. Wise in reference (c);
they found that:

(2) An excursion releasing energy equivalent in magnitude
and vioclence to 1000 pounds of TNT detonated at the core would
not develop shock waves of sufficient strength or missiles with
sufficient energy to threaten the integrity of the secondary
shield.

(b) The response of the rotating shield plug to the shock
would be a vertical jump not exceeding two feet.

(¢) But the internal blast pressure, the quasi static
pressure generated by the gases released from the explosive
charge, would be the predominate mechanism that could propel
the massive shield plug through the roof of the contaimment
building.

2.2 Energy Partition Study. The Ferml plug-jump hazard reported
in reference (c) raised serious questions relating to disposition
of the energy during a nuclear excursion. In econsequence, upon
AEC request to the Naval Ordnance Laboratory in 1958, it was
decided:
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To determine the partition of mechanical
and non-mechanical energy resulting from
the detonation of water-cased and sodium-
cased explosives surrounded by air and
confined within a closed plug-fitted vessel,

The initial efforts made on this task, reported by Wise
in reference (d) and by J. F. Proctor in detail in reference
(e), were exploratory in nature and served principally to
establish problem approach and the governing parameters of
the problem. Parameters such as charge weight, mass-per-
frontal area of the shield plug, liquid-to-air ratio, and
liquid temperature were examined in an exploratory apparatus
that represented a crude model of the Enrico Fermi Reactor.
Three important conclusions derived from this work were:

(a) The presence and temperature of a liquid casing
surrounding the charge greatly affected energy partition:
increasing quantities of liquid heat sink decreased the plug-
Jump and increasing temperatures increased the Jump,

(b) A refined experimental apparatus would be required for
accurate characterization of the prineipal parameters,

(¢c) The explosion containment potential of the Fermi
composite envelope (reactor vessel, graphite shield, and
primary shield tank) must be established if a meaningful plug-
response solution were to be achleved.

2.3 Extensive Fermi Shield Plug Study. The previously dis-
cussed energy partition stﬁdies, comprising destructive
mechanisms basic to reactor excursions generally, were con-
tinued until October, 1959, At that time, Atomic Power
Development Associates, Inc. (APDA) - the designers of the
Ferml Plant - requested the AEC to assist in resolving the
plug-jump question as quickly as possible. Specifilcally,
APDA recommended that NOL conduct a program addressed to the
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excursion motion of the Ferml shield plug per se, Accordingly,
upon AEC request to NOL, the general energy partition studies
were discontinued, and the entire manpower and funds of the NOL
Containment Program were directed to the following particularized
objective:

To determine the response of the Fermi
shield plug to a postulated nuclear
excursion equivalent in energy release
and rate of release, i.,e,, equivalent in
violence and destructiveness, to the
detonation at standard conditions

(Temp: 77°F, Press: atmospheric) of a
center-initiated, compact cylindrical
charge of 1000 pounds of TNT located at
the reactor core.

Preliminary results of this extensive contaimment study
on the Fermi Reactor (1959-1962) were reported by Wise in
reference (f), by Wise, Proctor, and Walker in reference (g),
and by H. B, Benefiel in reference (h). The final and compre-
hensive results of the entire Fermi program were reported by
Wise, Proctor, and Walker in reference (i1); some of the major
conclusions were

(a) The maximum jump of the 143-ton shield plug resulting
from the 1000-1b TNT accident would be of the order of, but not
exceed, 102 feet. Thus the plug could possibly be propelled
through the roof of the containment building.

(b) Contaimment of the postulated accident within the
reactor vessel would be marginal for no loss of sodium coolant.
Por major losses of coolant, however, contaimment would be
conservative, In any event, the gross containment integrity
of the secondary-shield wall would not be violated.
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(¢) Release of the postulated energy at a rate slower
than the detonation rate of TNT would yield a plug Jjump less
than that occurring from the TNT accident,

(d) The graphite shield, due to its inertia, increases
the TNT explosion containment potential of the composite
(reactor vessel-primary shield tank) envelope by a factor of
two or greater, “

(e) The sodium, blanket, thermal shield, and other
reactor vessel internals possess a significantly large capacity
for absorbing heat from the TNT explosion gases during the
short time that would be required for the shield plug to escape
the composite envelope.

The Enrico Fermi Reactor has been modified and fitted
with an energy-absorption mechanism in the machinery dome (see
reference (J)) to restrict any upward plug motion resulting
fran an acclident, If the absorber possesses the potential
specified in reference (Jj), motion of the shield plug as a
result of the postulated accident studied by NOL will not
constitute a serious hazard,
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CHAPTER 3
THE PRINCIPAL PROGRAM

The principal contaimment program consisted of several
related studies conducted over a span of about eight years.
The basic rationale of these studies and their synthesis follow.

3.1 Long-Term ObJjective. The long-term technical objective
of the NOL Reactor Vessel Containment Program was to achieve
the optimum contaimment design of nuclear reactor vessels
through gross plastic deformation as a means of absorbing
excursion energy. The steps of the objective were:

(a) To simulate nucl ear excursions occurring in full-
size reactor vessels through the use of propellants and explo-
sives in model vessels

(b) To investigate reactor vessel response in the gross
plastic domain with material, size, shape, and constraint as
parameters

(¢) To formulate general laws for contaimment of explosion-
type energy releases within the reactor vessel and to express
these laws in a fundamental design format that will permit
immediate use by containment engineers.

Progress on the long-term objective was first reported
formally (1958) by Wise in reference (k): he derived the
General Strain Energy Equation of Equilibrium for a Vessel
Subjected to Internal Dynamic lLoading, conducted basic experi-
ments with solid propellant in model reactor vessels, and
concluded that strain energy absorption was a significant
containment parameter.

3.2 General Strain Energy Equation. Consider a closed right-
¢ylindrical vessel, e.g., a reactor pressure vessel, subjected
to an accidental excursion that causes the vessel wall to flow
rapidly and gross-plastically. If, during the dilation,
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(a) the pressure vector at every differential surface
of the internal wall, and

(b) the strain vector of every differential surface of
the external wall
are known, what is the strain energy correlative with contalmment?

Work done upon the internal wall of the vessel must be
instantaneously conserved in the immediate mechanical forms of
strain, kinetic, compression, and potential (position) energy.
A consequence of this conservation 1s the General Strain Energy
Equation of Dynamic Equilibrium that was derived in reference (k).
Plastic straining of the vessel wall is accompanied by the
generation of heat within the wall which may or may not be
dissipated from the wall depending upon the temperature of its
enviromment, The heat of elastic and plastic strain is accounted
for inherently in the strain-energy function. Although the
magnitudes of the surface, strain, inertia, compression, and
position energies are functions of the temperature of the wall,
the validity of the equation is independent of temperature and
heat flux within the range for which utilization of the wall as
a pressure vessel remains practicable.

The General Strain Energy Equation is greatly simplified
for the case of the homogeneous and isotropic, right-circular
cylinder closed with rigid, radial constraints at the ends.
The conditions of circularity, cylindricality, and rightness
of the vessel provide that the spatial limits of integration
be constant, If the loading is rotationally symmetric, the
structural response of the homogeneous, isotropic wall will be
rotationally symmetric - a finding well established by experimants
reported herein and in reference (k).

Since the rationale of the General Strain Energy Equation
is B0 germane to this report and to containment generally, its
complete derivation and correlative material are reproduced in
Appendix A.
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3.3 Strain Energy and Contalmment., The mathematical and
physical formulation of the Strain Energy Equation is not a
theory designed for experimental confirmation; but rather a
principal analytic tool through which experimental work can
be used to assess the effectiveness of strain-energy absorption
as a means for increasing the containment potential of reactor
vessels, This assessment can be expressed as the partition of
mechanical (strain energy) and non-mechanical energy resulting
from excursion-type energy releases in simulated reactor vessels,
With the total energy input known, the (General Straln Energy
Equation provides the means for obtaining the desired partition
without further knowledge as to the disposition of non-mechaniocal
energy.

The model vessels subjected to simulated excursion loading
in reference (k) were right-circular cylinders with length equal
to two diameters, and the material was type 304 stainless steel.

The propellant employed in these basic experiments produced
loadings generated in milliseconds. The results indicated that
the energy containable in the plastic range exceeded that in
the elastic range by an "elastic-plastic" factor of about eight.
From the strain energy equation, the deformation energy was
found to be about one-tenth of the total energy released.

For microseconds loading mechanisms such as the TNT shovck
wave, i1t was found later that the elastic-plastic factor exceeded
that for the propellant and that the deformation energy was of
the order of one-half the total energy released*. Thus, the
valuable containment role of plastic strain energy became
manifestly clear, and 1t was concluded that

¥ The energy released by a TNT explosion varies from 1050 to
3620 calories/gm of TNT depending upon the availability of
oxygen from the surrounding atmosphere. For purposes of this
report, i1t i1s assumed that the amount of gas confined within
the reactor primary vessel is small and 1is generally inert or
low in oxygen content. Therefore, the energy released by a
TNT explosion within a reactor vessel would be equivalent
essentially to the heat of detonation - 1050 cal/gm.

10
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Strain Energy Absorption, achieved through
the medium of large plastic deformation,

is a means for substantially improving the
containment potential of nuclear reactor
vessels, ancillary container paraphernalia,
and building enclosures,

3.4 Need for Containment Laws. Philosophically, contaimment
must be provided to reduce the consequence of a reactor accident
80 that the risk of reactor operation to the public can be
decreased to acceptable levels. Since power reactors located
in urban locales cannot provide safety through isolation, they
must rely upon "mechanical" contaimment devices. In the Enrico
Fermi Plant, for example, there are four such barriers: the
reactor vessel, the primary shield tank, the massive secondary
shield, and the so0-called containment building, Of these,
however, the reactor vessel possesses the greatest strain
energy absorption potential by far - hence, it constitutes a
significant contaimment barrier as shown in reference (1i).

The reactor vessel, in general, has great mass and strength
dictated by operating design requirements, and these features
constitute desirable contaimment attributes, It should be
clearly established at the outset, however, that the optimum
operating design of nuclear reactors does not in general con-
stitute optimum contaimment design. The operating design
characteristics of a reactor inherently restrict the structure
to stresses within the elastic 1limit of the material. Accident
containment potential, however, is greatly enhanced through
gross plastic deformation. Although such deformation would
render the reactor inoperable, a vastly more important obJec-
tive will have been achieved if the excursion is contained or
attenuated and a major catastrophe averted., This is true
irrespective of the overall integrity of the primary system,
since energy absorbed via gross plastic deformation is unavailable
for further destruction.

11
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The reactor vessel can and should be a vital, if not

paramount, contaimment device for all power reactors. Even
without planned contaimment design, some reactor vessels
possess a large potential for absorbing excursion energy;
glgg'planned design, the contaimment potential of reactors
now on the drawing board could perhaps be greatly increased.
In many cases, if excursions could be completely contained
within the reactor vessel, the requirements for additional
barriers could be reduced and the total outlay for safety
sharply curtailed.

The preceding discussion on strain energy absorption and
reactor contaimment potential is largely qualitative or semi-
quantitative, But engineers require highly quantitative
information for reactor vessel containment design; they must
know the dimensions, shape, and constraints correlative with
containing postulated excursions. In other words, they require
EXPLOSION CONTAINMENT LAWS FOR REACTOR VESSELS - laws expressed
in terms of conventional materials and properties.
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CHAPTER U4
SIMULATION OF NUCLEAR EXCURSIONS

The magnitude and flux of excursion energy and attendant
gases determine the loading at the internal wall of the vessel.
The stress-strain state in the wall and the ultimate response
of the structure are complex functions of the loading, functions
obtainable only through experimental means and feasibly so only
through experiments in scaled models. Clearly, the character
of excursion loading and the means for simulating such loading
had to be considered further as a first step in the formulation
of Containment Laws, This was accomplished through the use of
conventional explosives and through further study of previous
propellant experiments,

4,1 TNT Rationale, The rationale for employing TNT (or a
similar conventional explosive like pentolite) to simulate

nuclear accidents can be readily expressed: Nuclear excursions
cannot be micro-scaled; TNT explosions can, and, furthermore,
many of thelr scaling propertles are well known. This makes
available a very important tool that i1s often the sine qua non
for complex multi-parameter problems: experiments in small
models. Although the character of the energy released during

a postulated nuclear excursion may not be identical to that

of the TNT explosion, the violence factors of the two mechanisms
are often sufficlently alike to permit use of the TNT model as

a reasonable upper-bound simulant (reference (a)).

For reactors, postulated credible accidents cover a wide
spectrum in both magnitude and flux of the energy released;
these range from small releases to thousands of megawatt-seconds
occurring in times from a few microseconds to seconds or more,
In this respect, it is singularly important to note that conven-
tional high explosives, like TNT and pentolite, also produce
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flux-rate mechanisms that cover a broad spectrum: the shock
wave of the conventional explosive is a microseconds mechanism,
and the quasi-static "equilibrium" pressure generated by the
released gases occurs in the domain of milliseconds and seconds,
Since the fundamental characteristics of both mechanisms are
known, their application to basic studies is feasible. This

was demonstrated in the extensive structural response investiga-
tions of the Enrico Ferml Reactor previously referred to in
Chapter 2,

At the energy density of 1050 calories per gram - a
nominal value for the heat of detonation of TNT - a pound of
TNT would release two megawatt-seconds of energy. Since the
TNT energy flux constitutes a reasonable upperbound for nuclear
excursions, there exists the practice of expressing large
excursion accidents in pounds of TNT for purposes of safety
assessment, That this practice is profitable in containment
studies is one of the principal theses of this report.

4,2 The TNT Explosion. Consistent with the theme of interest,
it is assumed that the simulated excursion would be contained
within the reactor vessel. It is further assumed that normal
operating pressures and temperatures exist everywhere in the
reactor vessel and its environs immediately prior to detonation.
The TNT charge is located at the core; it has a weight density
of about 1.5 gm/cm3, it occupies a volume of the order of the
core volume, and its temperature and pressure are 25°C and
atmospheric,

Upon detonation, the detonation front would propagate
through the charge with a velocity of about 6000 metefa/bec
and pressures behind the front estimated to be of the order of
200 kilobars., In consequence, the solid explosive would be
transformed almost discontinuously in time to a gaseous fireball
at virtually the same volume with temperatures and pressures of

14




NOLTR 63-140

the order of 3000°C and 50,000 atmospheres (see Cole,
reference (1)). The energy density and gas produced per
gram of TNT would be about 1050 calories and 0.033 gram
mole. As a consequence of the immense energy flux, two
destructive mechanisms would be produced: the shock wave
and the internal blast pressure, i.e., the quasi-static
(or equilibrium) pressure generated by gases released from
the explosive charge,

4.3 Shock Wave, The shock wave, which initially contains
approximately one-half of the energy released, would propa-
gate through the media surrounding the core and strike the
internal wall of the reactor vessel. In response to the
delivered impulse, the wall would be given a virtually
instantaneous velocity. This is true, since the response
time of the wall would be large relative to the significant
duration of the shock wave., Portions of the wall nearest the
charge would be given the greatest velocity and undergo the
greatest deformation., The inertia and tensile strength of
the reactor vessel would resist the impulsive force during
acceleration of the wall. Subsequently, the tensile constraints
would bring the wall to rest.

In general, shock wave attenuation in elastic media is
less than in inelastic, plastic, or relatively compressible
media. Attenuation of the shock would be greater in the
reactor liqulid coolant than in steel, and in air or similar
gases the attenuation would be considerably greater than in
the 1iquid or steel. Thus, it is seen that if the coolant
were lost from the reactor vessel, the shock attentuation
potential of the system would be increased, and the shock
strength at the vessel wall would be decreased with a conse-
quent decrease in deformation. Clearly, then, the deformation
volume of the reactor vessel would be a function of reactor
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coolant content: the largest deformation would be associated
with the case of no coolant loss and conversely for the com-
plete loss of coolant,

4,4 Internal Blast Pressure. Following the shock wave would
be the explosion gases, which initially contain the remaining
one-half of the released energy, and these gases would be con-
fined in the reactor vessel. The resultant internal blast
pressure, a quasi-static pressure as opposed to the short-
duration pressure of the shock wave, would be a significant
function of two variables: the volume into which the explosion
gases flow and the capacity (quality and quantity) of the heat
sinks avallable to these gases, Distortion of the vessel wall
from the shock wave would precede arrival of the blast pressure
at the wall, so that the expansion volume available to the
explosion gases would be the sum of the initial gas volume,

the void volume created by coolant losses, and the deformation
volume produced by the shock.

If a major portion of liquid coolant were retained in the
vessel, the coolant would constitute a significant heat sink,
If a major portion or all of the coolant were lost from the
vessel, the complex metal structures that generally surround
the core would be important heat sinks. In any event, these
heat sinks would considerably reduce the internal blast pressure,
Through expansion and heat losses, the blast pressure would be
generally an order of mgnitude or more lower than the shock
pressure, and would not be sufficient to further distort the
vessel wall. This is shown in reference (1) and discussed
further in section 7.6.

h.5 Propellant Loading. Again it is assumed that contaimment
occurs and that normal operating pressures and temperatures
exist everywhere in the reactor and its environs immediately
prior to initiation. The so0lid propellant is at the core; its
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weight and energy densities, temperature and pressure are like
those for the TNT case Jjust discussed. Upon initiation and
burning, however, the character of the loading produced would
be substantially different from that of TNT, since the energy
release time would be of the order of milliseconds and seconds.
No shock wave would be produced; consequently, all of the
released energy would appear initially in the product gases.
As the propellant continued to burn, a stable and uniform build-
up of pressure would occur (see reference (k) and section 9.7).
Like the internal blast pressure of TNT, the propellant loading
would be a significant function of the expansion volume and the
capacity of the available heat sinks - both of which would act
to decrease pressure. Since the propellant does not generate
a shock wave that 1s immediately avallable for vessel deforma-
tion, energy and gas release must be large enough to overcome
the negating effects of the heat sinks and expansion volume before
a sufficient pressure can be developed to rupture the vessel.,
This pressure would correspond nearly to the static rupture
strength of the vessel. It is noted, therefore, that, for
marginal containment, the post-accident pressure in the reactor
vessel resulting from a propellant loading would exceed con-
siderably that from a TNT explosion (internal blast pressure).
For marginal containment, the deformation pattern would be
similar to that for TNT, and hence, the expansion volumes would
be of the same order,

4,6 TNT-Propellant Efficiency. The heat sinks in the reactor
vessel would attenuate the propellant loading to a much greater
degree than for the TNT case., This follows since the exposure
time would be large for all of the propellant energy released,
whereas for TNT, 50 per cent of the energy released is in the
shock wave delivered to the vessel wall, and this is independent
of the capacity of the heat sinks., Indeed, this time-dependent
absorption of energy is an overriding containment phenomenon
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from which the following general conclusion can be drawn:

the vessel deformation efficiency of TNT is greater than that
of slower energy releases; conversely, the reactor containment
potential for energy fluxes less than that of TNT is greater
than for the TNT flux,

The influence upon contaimment of D'Alembert (or inertial)
constraints is another point of important difference between
propellant and TNT shock loading. Very massive components
like the 143-ton Fermi shield plug would be negligibly responsive
to the shock, but significantly so to propellant loading. The
same rationale applies to the massive graphite blocks surround-
ing the Ferml reactor and the large body of water surrounding
Oak Ridge's High Flux Isotope Reactor: the graphite and water
would enhance the reactor containment potential for shock loading
but make almost no contribution to contaimment for the slower
propellant loading.

In summary, it is seen that energy flux constitutes an
extremely significant excursion contailmment parameter. Energy
release mechanisms of microseconds and milliseconds duration
have markedly different complexions and present greatly different
containment problems, And with respect to "efficiency":

(a) the deformation efficiency of TNT (the capacity for
doing work on constraints that are largely non-inertial) is
greater than that for slower energy releases

(b) the D'Alembert efficiency of TNT (the capacity for
doing work on constraints that are largely inertial) is less
than that for slower energy releases,

4,7 50/50 Pentolite. Mixtures of PETN (C5H8012N4) and TNT
(C7H506N3) are called pentolites, the most common being a

50/50 mixture, All of the previous discussions on the behavior
of TNT applies to pentolite, and pentolite possesses additional
advantages as well. In view of the ease with which it is
detonated and its established replicability in small-scale tests,

18




NOLTR 63-140

50/50 pentolite was chosen as the most satisfactory explosive
charge to employ in the contaimment program. The pentolite/‘rNT
ratios of energy density and release of gas products per unit
of reactant are 1.02 and 1.17, respectively; hence the use of
pentolite in contaimment studies is consistent with reasonable
upper-bound criteria,
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CHAPTER 5
METHOD OF SOLUTION

The solution to the multi-faceted containment problem
required, first of all, that a judicious choice of the »
principal parameters be identified and, at least, partially
characterized.

5.1 Principal Containment Parameters. In review of the
loading mechanisms discussed in Chapter 4, it is seen for

the reactor vessel per se that the principal contaimment
parameters can be taken as:

(a) the reactor vessel material, size, shape, and con-
straints

(b) the magnitude and duration of the shock wave striking
the vessel wall

(¢) the inertia and dynamic tensile strength of the
vessel wall

(d) the heat-sink capacity of the internals of the
reactor vessel, including the liquid coolant.

These basic quantities are innate to excursion contaimment.
They are not all true parameters, however; some are pseudo
parameters, consisting of a fixed element and an element that
variese:

(a) The shock wave strength is a function of the density
of the media surrounding the core; the density of the steel
internals stays fixed, but that of the remainder varies with
coolant content.

(b) The inertia of the vessel wall is a function of the
wall mass and acceleration; the mass remains fixed, but the
acceleration varies with the strength of the shock wave and
the dynamic tensile strength of the reactor vessel.
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(¢) The dynamic tensile strength of the vessel uzll
depends upon the static strength of the wall, gross strain,
and the rate of strain; the static strength is fixed, but
the strain and rate of strain vary with the strength of the
shock wave,

(d) The total heat-sink capacity of the reactor vessel
internals consists of the combined sinks afforded by the
reactor coolant and the metal structures that generally
surround the core; the capacity remains constant with respect
to the metal, but varies with coolant content.

5.2 Fundamental Questions. Attempts to quantify and synthe-

size the above parameters raised some interesting questions.
(a) What are the shock attenuation properties of the

metal-coolant-gas medium that surrounds the core?; how are

these properties affected by the temperature of the medium and
the loss of coolant from the system?

(b) The shock strength and, hence, the acceleration of
the wall 18 unknown; how does the inertial constraint influence
the deformation volume of the reactor vessel?

(¢) The dynamic tensile strength of the vessel wall
varies significantly with gross plastic strain and the rate
of strain., The shock loading and lnertial constraints are
unknown; what are the strain and strain-rate functions?

(d) The explosion gases mix with the metal-coolant-gas
medium surrounding the core., The character of the interface
between the explosion fireball and the surrounding medium is
unknown; what are the millisecond chemical and thermodynamic
mechanisms that govern the heat-sink capacity of the medium?

(e) The TNT internal blast pressure and propellant-type
gas pressures depend upon the heat-sink capacity of the
reactor internals and the volume into which the equilibrium
gases expand. But the heat-sink and gas-expansion quantities
are unknown functions of unknown functions, etc., with coolant
content appearing as a significant variable in all.
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,5.3 State of the Art. Upon consideration of the above
questions and some reflection, 1t was not difficult to
prerceive the extremely complex functional form of the pseudo
parameters that characterize containment. The governing
chemical, thermodynamic, and physical phenomena were, for

the most part, micro or milliseconds mechanisms that did

not lie in the realm of classical knowledge. In short, when
the program was started, the state of the art would not permit
a quantitative characterization of the pseudo-parameters via
avallable theory and empiricism. This meant that one and only
one method of solution could be employed: Saint-Venant's
semi-inverse method of classical mechanics.

5.4 Saint-Venant's Semi-Inverse Method. Since teleological
solutions (those directed to a specific purpose) do not require
that everything be known about all of the parameters, bound
and /or lumped parameter solutions frequently provide important
general information in a restricted domain of interest. One
of the most useful algorisms for obtaining such solutions is
Saint-Venant's semi-inverse method of classical mechanics.
Here, upon identifying and characterizing the principal param-
eters to the extent in which they are known (both empirically
and theoretically), a synthesis of these parameters is used to
construct an incomplete functional form of the desired solution.
This embryonic functional form constitutes certain necessary
conditions that the coamplete solution must satisfy. In general,
however, the necessary conditions expressed in the embryonic

function are not sufficient to guarantee the complete solution;
this must be achieved through the judicious imposition of
boundary conditions. Depending upon the nature of the problem,
the boundary conditions may be determined from further theoreti-
cal considerations, experimental data, or, very often, a combina-
tion of the two.
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Of course, 1t may be correctly inferred that the semi-
inverse method will not yield a solution if the embryonic form
cannot be adequately determined. If the character of the
multi-parameter problem is extremely complex, the state of the
art will frequently not yield a solution without numerous
experimental data. This was the case with containment: it
meant that the necessary boundary conditions could be established
only through fundamental and extensive experiments in scaled
models of reactor vessels,

5.5 Hopkinson Scaling. There exist many schemes for predicting
the behavior of a prototype from experiments in scaled models;
see, e.g., H. G. Snay's specific treatment relating to underwater
explosion phenomena in reference (m) and H. L. Langhaar's more
general treatment in reference (n). A study of the various
methods showed Hopkinson scaling (also known as iso-velocity or
cube-root scaling) to be the most appropriate for the containment
problem.

Briefly, in Hopkinson scaling, linear dimensions of the
prototype and model are related by a constant scale factor ),
but wvelocity and the acceleration due to gravity do not scale.
This fundamental choice determines the character of all other
Hopkinson quantities., Classical model/brototype ratios of
quantities basic to containment are listed below:

Velocity, pressure, stress, strain . . . . . . . . unity

length, time, displacement, specific impulse . . . A
area, surface force, inertia . . . . . . . « « . . x2
mass, weight, volume, momentum, impulse ., . . . . 13
acceleration, time rate of strain . . . . . . . . 21

A fundamental requirement of all scaling methods is that
phenomena of interest in the prototype be predictable from
experiments conducted in the model, and such will he the case
if the scaling character of each phenomenon is known. Upon
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relating this requirement to the containment problem, the
difficulty in obtaining a solution became more evident: for
example, not only was the quantitative chemical and thermo-
dynamic character of the close-in TNT-coolant reaction generally
unknown, its scaling properties were unknown as well. Specifi-
cally, this scaling question was whether the TNT-coolant
mechanism in the prototype and model would vary time wise with
% as in Hopkinson scaling, or be time dependent in another way.
More generally, there existed the question: What are the
scaling properties of excursion loading, considering that the
reactor vessel deforms dynamically and gross-plastically?

5.6 Conceptual Design of Models, Power reactor vessels and
many others are complex welded structures that are basically
cylindrical in shape with length 2 two diameters. The end
closures are of various types, and the vessel wall, including
the closures, is interrupted by numerous nozzles to accommodate
pipes, control devices, etc. Aside from housing the core,
blanket, and control mechanisms, the reactor vessel is filled
or partially filled with a circulating coolant. Now as dis-
cussed previously, the spectrum of excursion accidents is quite
large in both magnitude and flux of the energy released: 1t
ranges from small accidents to thousands of megawatt-seconds
occurring in times from a few microseconds to seconds or more.
Furthermore, the accidents of this spectrum can take place
anywhere in the coolant loss domain from no loss to a complete
loss,

The range of excursions, the conditions under which they
may occur, and the multiplicity and complexity of the principal
parameters made 1t clear that the general containment problem
was one of inordinate scope and difficulty. Rather than attempt
an immediate solution to the general problem, it seemed prudent
to seek first a basic upper-bound solution - a solution for
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containing a postulated excursion under the most adverse
conditions in a vessel of elementary shape. A priori, the
"most adverse conditions" for an excursion of given magnitude
are:

(a) that the excursion occur at the greatest energy flux,
i.e., that the energy be released in the shortest time and

(b) that the reactor vessel be filled with 1liquid coolant
or suffer no loss of coolant.

For obvious reasons the right circular cylinder was chosen
as the most convenient and useful shape for the reactor vessel
models. Early experiments with TNT in water and air showed that
the near-rupture deformation pattern (see Figure 6.1) is always
restricted to about two dliameters; hence the majority of the
models possessed length equal to two diameters. Since the
density and compressibility of water are only slightly different
from those of other known liquid reactor coolants and since,
in the containment domain, TNT shock attenuation is believed to
be negligibly sensitive to these differences, water was employed
as the model reactor coolant,

The basic upper-bound containment solution, then, was for
the case of the TNT explosion occurring in a right cylindrical
vessel with length equal to two diameters and filled with liquid
coolant. Once the basic upper-bound solution was in hand, the
rationale was that it could be modified to provide safe and
reasonable solutions for less adverse accident conditions and
for vessels fitted with weldments, nozzles, and other dis-
continuities,

5.7 Summary. The principal parameters of contalnment, both
classical and pseudo, were set forth, and some fundamental
questions were raised to indicate the difficulty of quantitative
parametric characterization. An upper-bound, lumped-parameter
solution via Saint-Venant's semi-inverse method was postulated
as the only path that would yleld the desired Containment Laws.
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The semi-inverse method, Hopkinson scaling, and conceptual
models were discussed, and case conditions for the basic upper-
bound contaimment solution were specified.

The semi-inverse method is pursued in subsequent chapters
via the following steps:

(a) formulation of the semi-inverse embryonic solution
(1.e., an embryonic Containment Law format)

(b) conduct of an extensive experimental program employing
explosives and propellants to simulate nuclear excursions in
Hopkinson models of reactor vessels

(¢) reduction of experimental data to satisfy boundary
condition requirements of the embryonic solution

(d) modification of the basic upper-bound solution to
provide safe and reasonable solutions for the less adverse
conditions of the accident spectrum and for vessels fitted with
weldments, nozzles, and other discontinuities,
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CHAPTER 6
EMBRYONIC FORMAT

The first step in the Semi-Inverse Method of solution
is to synthesize everything that is known (or seems reasonable)
about the problem and to construct an embryonic or trial solu-
tion from the synthesis,

6.1 Preliminary Experiments. An examination of available con-
tainment information showed that even an adequate trial format
of a basic containment law could not be written down without
some preliminary experiments. Among the first of these were
tests employing pentolite in right-cylindrical model vessels
filled with water or air at atmospheric pressure. The principal
results were the "localization factors" shown in Figure 6.1,
(Figures and tables appear at the end of each chapter.) Here

it i1s seen that the character of the shock is such that near-
rupture deformation is localized to about two radii for air and
four radii for water. Hence, for vessels with inside length L
and inside radius Ry such that L 2 4Ry, 1t was indicated that
the explosion contaimment potential is not an appreciable function
of vessel length., A priori, this would be true irrespective of
the loss of reactor coolant in any degree.

In other preliminary experiments employing pentolite in
water-filled models, dilations were photographed with a Beskman-
Whitley Dynafax camera operating at 25,000 frames per seeond,
Typical vessel data, test conditions, and sequential frames are
shown in Figure 6.2. The total dilation time was about 600
microseconds; at 40 microseconds per frame, the motion was
recorded in 15 frames. Radial deformation and strain of the
external wall at the mid-meridian is plotted versus time in
Figure 6.3. Prom these data, radial velocity and strain rate
versus time are plotted in Figure 6.4; radial velocity and
strain rate versus radial strain are plotted in Figure 6.5.
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The geometries of the curves in Pigures 6.3, 6.4, and
6.5 are singularly significant. The deformation-time plot
can be interpreted as parabolie, If this is done, it follows
that the velocity-strain plot is parabolic and that the
velocity-time plot is linear, From D'Alembert's Principle,
this means that the force acting to bring the mid-meridian
wall to rest was constant throughout the entire deformation.
Several important consequences of these fimdings were:

(a) Specifically, the data provided important parametric
information for the embryonic contaimment law

(b) More generally, new insight was provided into the
response of pressure vessels to explosion loading in the con-
tainment domain (the response domain in which containment occurs),
and

(¢) New insight and new corroborative data were added to
the meager information avallable on the effects of very rapid
strain rates upon the strength of ductile steels., These data
were obtained for a mid-meridian ring that deformed gross-
prlastically under the action of an apparently constant retarding
forece. Only this force, a function of the dynamic strength of
the material, and the D'Alembert term determined the motion.
Hence, these rate-of-strain data are inherently free of the end,
inertial, and short loading time effects so common to dynamic-
tensile and impact experiments,

The results of the preliminary experiments together with
available explosions phenomenology motivated and permitted
formulation of the embryonic solution, first for the general
case and then for a specific case,

6.2 @eneral Case, A closed vessel is subjected to internal
explosion loading. The vessel wall is a strain-hardening steel
that flows gross-plastically. It is assumed that the wall
material i1s of uniform constant mass density and that the wall
remains a continuum,

28




NOLTR 63-140

We frame the vessel in an orthogonal coordinate system
for which the Lagranglian spatial coordinates

X40 » 1=1,2,3

denote the original position (i.e., the position at event time
t = 0) of all points in the vessel wall including the surface.
Since the Eulerian coordinates

Xy = x3(x40, t)

are at least of class C1 ard the Jacobian

3 (fl‘ X5 s x3)
2 (x10s X205 X30)

ia everywhere positive in the wall, the Eulerian and Iagrangian
integrals are relsted in the usual way by

ff (xq4) dxq4 =~ /f (x1) T dxq,

- -

where the dxy and dx4, are products, respectively, of the axy4
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Upon detonation of the explosive, the shock wave propa-
gates through the media surrounding the charge and strikes
the internal wall; whereupon the wall, it is hypothesized here,
responds with a virtually instantaneous initial velocity

—a

The instantaneous-velocity hypothesis 1is reasonable since the
effective shock loading time is an order of magnitude less than
the gross deformation time, Velocity-time and velocity-strain
integrations of the second law of motion, respectively, yield

L)

t A

[P (%10, t) - dA ] M at = g-f Vo(xy,)axy o (6.1)
v

/ D(xiO) dxio = zg—f -;02(110) dxio (6.2)
Vv

5
o
o]
o
5
o

symbology is

. initial velocity of vessel wall, ft/sec
e o o o Quration of shock interval, sec

e ¢ « o unit vector in direction of dA

. vector shock pressure, psfg

e o o o Wall mass density, 1b/Tt3

. . o . acceleration due to gravity, ft/sec
wall internal area and volume, ft2, rt3
wall deformation energy density, ft-lb/ft3

o

2

U >»® x 0 3} <+ <
4 *
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Equation (6.1) states that the total impulse delivered to the
vessel wall is equal to the total initial momentum of the wall;
(6.2) states that the total work done in deforming the wall is
equal to the total initial kinetic energy of the wall. Neither
the momentum nor the kinetic energy is conserved, but the con-
servation of mechanical energy inherent in (6.2) 1is valid.

6.3 Specific Case. While the general relations expressed in
equations (6.1) and (6.2) possess a conceptually desirable form,
they will not yleld a quantitative containment solution in terms
of currently available information. We turn then to a less
general solution: one that is further restricted to a water-
filled right-cylindrical vessel for which

(a) the initial values of the internal and external radii,
Ry and Rg, the internal length L, and the wall thickness h, are
related by

L = bRy, 10 sRy/hy, £ 30  hy =R, = Ry

(b) Ry, and the explosive-charge radius R, are related by
b | c

Ry * 3R

(¢) the water i1s in a liquid state attendant normal
operating conditions#*

¥ Tt should be noted that the analysis and experimental work
to follow assumes the water to be at room temperature and
atmospheric pressure rather than at elevated values. This,
however, does not constitute a significant restriction. The
elevated temperatures and pressures normally associated with
sodium or water reactors should not affect appreciably the
shock impulse delivered to the vessel wall. Any elevated
pressure would alter only the elastic strain energy of the
vessel, but this is considered negligible in the gross-plastic
deformation domain,
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(d) the vessel wall is homogeneous and isotropic

(e) no constraints other than the tensile and shearing
constraints in the wall act to retard gross plastic deforma-
tion of the vessel

(f) the explosive charge is compact (length =~ diameter)
and 1s detonated at the centroid of the vessel

(g) there are no nozzles, welds, or other wall discon-
tinuities,

The above restrictions contain three lnequalities, The
first of these, L 2 4Ry, 1s motivated by the "localization
factor" for water i1llustrated in Figure 6.1. It 1s mentioned
again that the character of the shock is such that deformation
is localized to not more than four radii.for either water or
air surrounding the charge, Hence, for L 2 hRi, the explosion
containment potential of the reactor vessel simulant 1s not an
appreciable function of its length. The lower 1limit of the
second inequality, Ry/h, 2 10, is an accepted value for thin-
wall theory; the upper limit, Ri/h, < 40, is the maximum value
selected for this study. The third inequality, Ry 2 3R,, 1s
invoked because of the extent to which hydrodynamic phenomenology
for the subject problem is unknown closer to the charge. It
is important to note that since specifications of the large
majority of reactors can be interpreted to satisfy the above
restrictions on configuration, no loss 1in generallty accrues
in this respect.

Consistent with the cylindrical coordinate system, we put

X130 = Tos Xp0 = 8o, X30 = Zgo

and if we place the system origin at the centroid of the
cylinder with major and z axes colinear, it follows from
symmetry that equations (6.1) and (6.2) reduce, respectively, to
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° L/2 L/2
2nRy [ D(z,t) . F 1 Tazgat = XM F7,(z0)dz, (6.3)
t J-L/2 -L/2
L/2 L/2
Vu [on(zo) az, = 3R [V E(z,) az, (6.4)
-L/2 -L/2

where T is the unit vector in the radial direction,
2
Vy = n (Re - RY) (6.5)
is the volume per unit length of c¢cylinder, and
Dy, = Dh(zo)

1s the average value of D(2z,) across the wall thickness h.

6.4 Unit-Length Ring. We elect at this point to consider
the response of a single unit-length ring located at the mid-
meridian of the cylinder in the (r, 8, o) plane with radii
Ry and Re. Upon detonation of the explosive charge, this ring
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being closest to the charge centroid, receives the greatest
impulse, undergoes the largest deformation, and is sub jected

to the highest stresas, In fact, the hoop stress in the mid-
meridian ring constitutes an excellent containment index, since
experimental evidence indicates, as shown in Figure 6.6, that
marginal rupbure for ductile cylinders always results from the
propagation of a fissure that originates at the mid-meridian.
Invoking this rationale, we find that, for the mid-meridian
ring of length unity, the variable z, becomes the parameter

Z, = O, and equations (6.3) and (6.4) take the forms

2 Rif'ﬁ(o,t) dt = % Vy Vo (0) (6.6)
t
Du(0) = 3z Vo2 (0) (6.7)

The simultaneous solution of equations (6.5), (6.6), and (6.7)
yields

. v 2 _ 2,2
I° Va (_{p(o,t) dt) - "éznig Rj) D, (0) (6.8)

where I is the specific impulse (1b aec/th). Thus the functions
of interest at this stage of the embryonic solution are I, the
specific impulse, and D, the deformation energy density.
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6.5 Specific Impulse. An established power law relating
charge welght W and charge distance Ry to specific impulse
for explosions in free water is given by Cole in reference (1)
as

Ir = xWt/3 (w/3m)° (6.9)

where the nomenclature is

Ip e « o« o 8pecific incident impulse in free water, 1b soc/'in2

W « « « « e€xplosive charge weight, 1b
Ry e« o« « « distance from charge center, ft
K, 8. .. . constants

The quantities K and B are treated as constants in the free-
water domain for a given explosive. For pentolite, B = 1.05
in the broad spectrum of conventional underwater applications;
for the narrow containmment domain, however, it was found that
the classical acoustic law (B = 1) can be assumed with no less
in generality. Thus equation (6.9) reduces to

Of course,the total impulse of (6.10) will not be absorbed by
the vessel wall; a portion will be lost due to reflection and
the complex phenomena attendant to all such highly transient
high-pressure interfaces. To account for these losses, as well
as a difference in units, we hypothesize that I (1b soc/Tt2),
the impulse absorbed by the vessel wall, is related to the free-
water impulse I, (1b sec/lna) by an "efficiency factor" function
€ such that
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I =144 If/§ (6.11)

It seems reasonable to expect that £ is a function of the wall
distance from the charge and the D'Alembert and tensile con-
straints in the wall. More specifically, we know that the
classical hoop stress is a function of Ri/ho. Consistent with
the semi-inverse method and the teleologlical character of the
desired solution, we incorporate this rationale into the trial
format and write

g = & (Ri/hy) (6.12)

whereupon the impulse absorbed by the vessel wall becomes
I = 144 xw?/3/Re8

6.6 Deformation Energy. The true stress-classical strain
diagram is quite linear for the case of a ductile steel
deformed statically in the gross plastic domain. With
sufficient accuracy for our semi-inverse rationale, we can
write that

- Gy + [ ojl(l 'é'uell) - Sy ] €
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where the nomenclature 1is

¢ . . . . true stress, psi

Oy - conventional yield stress, psi

Oy - « . . conventional ultimate stress, psi

€ . . . . conventional instantaneous strain, in/in

€4 . . . . conventional ultimate strain (elongation), in/in

For the case of gross plastic deformation occurring at rapid
rates of loading, the stress 0 in a strain-hardening steel like
304 stainless is at least a function of the strain € and the
strain rate €, The stress may also be a function of € and
higher derivatives of € with respect to time: but since little
or nothing is known about these higher order effects, it will
be assumed here in the usual way that the stress function is

o=o0 (¢, &) (6.15)

i.e., the stress is a function of the strain-hardening and
strain-rate mechanisms alone. For deformations that occur at
continuously decreasing rates of strain, the strength of the
material decreases continuously with strain as a function of

the strain-rate mechanism and increases continuously with strain
as a function of the strain hardening mechanism,

It is interesting to entertain the net influence of the
strain-hardening and strain-rate mechanisms implied in Figures
6.3, 6.4, and 6.5. In reference (o), Tardif and Erickson report
the work of a number of investigators on the strain-rate enhance-
ment of the yield point in mild steel. The data are presented
graphically with the ratio

dynamic yield stress
statlc yleld stress
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on the ordinate and strain rate on the abscissa. Among the
results are those of M. J. Manjoine who found that a strain
rate of 1300 per second produces the ratio R ~ 3. Manjoine
also found that the ratio R is quite stable, varying exponentially
from 2-1/2 to 3 for strain rates between 200 and 1300 per second.
For the stainless steel and loading conditions of Figures 6.2,
his results imply an increase in the yield point from 30,000
psi to 90,000 psi, a value that is equal to the true static
stress at 37 per cent elongation.

If Manjoine's results are accepted for the moment, this
means that when the vessel started to deform at a strain rate
of 1300 per second and when it came to rest with a 37 per cent
elongation, the hoop stress at the mid-meridian was the same
value: 90,000 psi. This coincidence and the stabillity of the
strain-hardening and strain-rate effects are consistent with
the finding in section 6.1 that the force acting to bring the
mid-meridian wall to rest was constant during the deformation
of this particular vessel. It is interesting to entertain a
hypothetical hoop stress-strain diagram that might be generated
from such loading conditions. This is done in Figure 6.7, and
a comparison is made with statically generated diagrams. From
& general point of view, however, it must be noted that strain
rate, for the conditions under discussion, varies inversely with
the scale factor, \. This means that in larger vessels the
strain-rate enhancement of tensile strength would be diminished
and that, of course, the mid-meridian force would no longer be
& constant,

Manjoine also presented strain-rate data for mild steel in
reference (p). Bodner and Symonds, in reference (q), fitted a
curve to these data and found that

0g = Oy [( u%—,r )0'2 + 1] (6.16)
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where the nomenclature is

6g + o . » dynamic yleld stress, psi
Oy =« « - static yleld stress, psi
e« « « o 8train rate, per second

Johnson in reference (r) reported results of explosien
tests with small unconstrained rings of various materials,
The experimental techniques that he employed eliminated
longitudinal and shear stresses and ensured a virtually
instantaneous wall velocity with no further loading once
the ring began gross motion. From D'Alembert's Principle
he determined the true dynamic hoop stress in the ring as
a function of strain, and for several ductile materials he
found that this stress, aside from being elevated with strain
rate, was linear with strain. Of course, there exist other
strain-rate data that could be 1listed here, but the above
examples and discussion are sufficient to indicate the
rationale attendant the development of a deformation energy
function for strain that is dynamic and gross plastic.

A priori and specifically from the relations (6.14) and
(6.15), we try the embryonic form

D, (0) = 14k oy € ¥, (&) (6.17)

where €  1s the initial strain rate corresponding to the initial
wall velocity V,. The simultaneous solution of equations (6.8),

(6.13), and (6.17) ylelds

W = [Y Yo wope (RE - RE)2 ]3/%
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where

2
o= Y (8), Y- 5@5—”2 = Y, (Ry/h,)

Equation (6.18) constitutes the embryonic containment law
format where an extensive experimental program is required
to establish the deformation energy function Yl and the
efficiency factor function Yp.
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NOTES:

VESSEL MATERIAL AND SHAPE: 10" ID, 20" LENGTH, 1/4" WALL, ROLLED
FROM 304 STAINLESS STEEL PLATE, WELDED ALONG LONGITUDINAL SEAM.

TEST CONDITIONS: VESSEL FILLED WITH WATER AT 70°F AND ATMOS -
PHERIC PRESSURE, 200 GRAMS PENTOLITE DETONATED AT CENTROID.

PHOTOGRAPHY: VESSEL DILATION RECORDED BY BECKMAN - WHITLEY
DYNAFAX CAMERA OPERATING AT 25,000 FPS. FRAMES SHOWN ABOVE
TAKEN AT 40-MICROSECOND INTERVALS, TOTAL DILATION TIME -600
MICROSECONDS (15 FRAMES).

FIG. 6.2 EXPLOSIVE DILATION OF MODEL VESSEL
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19 GRAMS OF PENTOLITE IN WATER
PRODUCED THIS MARGINAL RUPTURE

TYPICAL MARGINALLY RUPTURED VESSEL SHOWS THAT
FISSURES ORIGINATE AT THE MID-MERIDIAN AS EXPECTED.
WALL MATERIAL WAS CENTRIFUGALLY CAST 304 STAINLESS
STEEL. ORIGINAL DIMENSIONS WERE 5" 1D, 10" INTERNAL
LENGTH, 1/8" WALL THICKNESS.

FIG. 6.6 DEFORMED VESSEL SHOWING ORIGIN OF RUPTURE
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CHAPTER 7
EXPERIMENTAL PROGRAM AND RESULTS

The following experimental program provided necessary
boundary conditions for evaluating the deformation energy and
efficiency factor functions of the embryonic containment law
format.

7.1 Idealized Models. The major effort of the experimental
program was directed to explosively dilating model reactor
vessels without nozzles or significantly restrictive end con-
straints. In each of these experiments:

(a) the model vessel was provided with a weak water-tight
closure at the lower end (the upper end was open)

(b) the vessel was filled with water at atmospheric pres-
sure and TOCF

(¢) a compact (length ~ diameter) pentolite charge was
detonated at the centroid of the vessel.

Although the models were limited to convenient sizes for
laboratory testing, an ample spectrum of sizes and wall thick-
nesses was investigated, as listed in the following table:

ID (in Length (in) Wall Thickness (in)
5 10 1/16, 1/8, 1/4
5 20 1/8
10 20 1/8, 1/4, 1/2
15 30 1/2
20 ko 1/4, 1/2, 1
20 60 1

To provide containment law knowledge for a wide range of
ductile materials, model vessels were fabricated from 1020 mild
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steel, 212 flange steel, several types of stainless steel, and
one type of aluminum. These materials and their mechanical
properties are given in the table below:

Yield Ultimate Ultimate

Stress Stress Strain

Material (psi) (psi) (in/in)
304 Stainless Steel 30, 000 65,100 0.60
304 Stainless Steel* 43,000 83,800 0.60
410 Stainless Steel 66,000 94,300 0.26
410 Stainless Steel 151,500 197,900 0.08
212 Flange Steel¥* 46,500 76,200 0.27
1020 Mild Steel* 42,000 66,900 0.30
6061-T6 Aluminum 40,000 45,000 0.15

The stress and strain values are averages obtained from numerous
tensile test specimens of each material. Vessels made of
materials denoted by an asterisk (*) were constructed of rolled
plate with one or two longitudinal welded seams. In general,
the light-wall vessels were made with a single weld; the heavy-
wall vessels were made with two welds. Welds represented a
departure from the idealized vessel concept, but special pre-
cautions were taken to ensure that the welds were capable of

withstanding the same stress and deformation as the parent metal;
thus the welded vessels could be considered as idealized models.

The precautions were:

(a) the welds were continuous and full penetration

(b) the weld material possessed essentially the same
mechanical properties as the parent metal

(c) the vessels were annealed to relieve any residual
and thermal stresses resulting from the rolling and welding
processes,
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By virtue of these precautions, welds of equal or perhaps
better quality than those expected in actual reactor vessels
were ensured, The remalning stainless steels in the above
table were in the form of centrifugally cast tubing (seamless),
and the sole aluminum was in the form of extruded seamless
tubing. Figure 7.1 shows typlical test vessels of the seamless
and welded varieties.

The test procedure followed throughout the program con-
sisted of explosively dilating a minimum of four vessels for
each given material and size, In this manner it was possible
to approach and determine the condition of marginal containment.
(Marginal containment is consistent with the maximum charge
weight that can be detonated in a vessel without causing rupture.)
In terms of experimental procedure, three vessels were employed
to yield intermediate values of terminal radial strain (the at-
rest mid-meridian strain) correlative with charge weight. The
fourth ylelded the maximum radial strain correlative with
marginal contaimment, and a QS,OOO-frame/Second Beckman~-Whitley
Dynafax camera recorded the deformation-time history during
dilation. Treatment of these photographic data in the manner
described in section 6.1 resulted in the determination of
initial strain rates for the various vessels,

Table 7.1 gives the following data for 104 experiments in
water-filled, idealized model vessels.

(a) charge weight

(b) terminal radial strain at the mid-meridian

(c) mode of vessel containment or failure

(d) initial strain rate as determined from the high-speed
photographs.

- Figure 7.2 shows two 10" ID, 20" length, 1/4" wall, 304
stainless steel cylinders that typify deformation patterns of
marginal containment. Several observations can be made from
the data of Table 7.1; they are:
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(a) PFor a given vessel size and material, a high degree
of uniformity in the terminal radial strain data is noted as
charge weight increases toward the marginal containment weight.
This is demonstrated in Figure 7.3, which shows four 304 stainless-
steel cylinders in stages of increasing deformation.

(b) In nearly all cases of marginal containment, the
maximum radial strain was slightly less than the correlative
average ultimate strain given in the materials table earlier
in this section. The two exceptions were the

10" ID, 20" length, 1/4" wall, 410 annealed stainless
steel vessels, and the

20" ID, 40" length, 1/2" wall, 212 flange steel vessels,

Not only did the strains of these materials exceed the listed
average values, they exceeded the maximum ultimate strains given
by any of the respective certified tensile test specimens.

7.2 Effects of Welds, It is recalled from section 7.1 that
fabrication of the rolled-plate vessels was such as to ensure
welds of contaimment potential equivalent to that of the parent
material. The success of this effort was evidenced in vessel
responses such as those shown in Figures 7.2 and 7.3. It is
noted that the deformation capacity of the welded-plate vessels
was not less than that of their seamless counterparts. Although
the majority of the welded vessels demonstrated excellent deforma-
tion properties, there were cases of premature rupture due to
weld failures either in the weld material itself or in the heat-
affectéh zone adjacent to the weld. However, it is seen from
Table 7.1 that in all cases the vessels were capable of deforming
without rupture to strains greater than 1/3 € and, with only
several exceptions, to strains greater than 1/2 €,,. From these
data it was postulated that the maximum strain of welded reactor
vessels should be restricted to
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egeu/3

7.3 Effects of End Closures. Of the 104 experiments reported

in Table 7.1, nine were conducted in vessels fitted with rigid
radial end constraints of the type shown in Figure 7.4, These
vessels were 5" ID, 10" length, 1/8" and 1/4" wall, 304 stainless
steel (cast) cylinders and are denoted in Table 7.1 by %*#* Tt
is seen lmmediately from the experimental results that the end
closures decreased substantially the strain at which rupture
occurred: from approximately 0.50 to 0.38 in/in. Prom these
data 1t was postulated that the permissible strain for a vessel
with rigid end closures should be restricted to

€ < eu/2

It can be expected that, for the vessels fittea witn hemi-
spherical or dished end closures, the permissible strain would
exceed that for the case of rigild ends.

7.4 Effects of Nozzles, To index the limiting effects of
nozzles on contalnment, experiments were conducted under the
following four conditions:

(a) vessel fitted with single circular aperture at mid-
meridian; aperture diameter 1/5 that of vessel diameter

(b) vessel fitted with single closed-end tube inserted
at mid-meridian in aperture of same diameter as in (a); tube
secured to vessel wall by continuous fillet welds around cir-
cumference of insert

(c) vessel same as in (a) except that three apertures
were equally spaced around circumference at mid-meridian

(d) vessel same as in (c) except that three closed-end
tubes were inserted in apertures and secured to vessel wall by
continuous fillet welds around circumference of inserts,
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Types (2) and (b) are shown undeformed in Figure 7.5; post-

test deformations are shown in Figure 7.6. Experimental results
from 12 tests are given in Table 7.2, Although these experi-
ments do not represent a comprehensive study of nozzles, they
permitted the following upper-bound observations,

(a) For a single mid-meridian aperture of diameter ~ 1/5
the diameter of the vessel, the maximum permissible strain for
304 stainless steel was about 0.10 in/in or 1/6 €.

(b) For a nozzle welded on both sides of the vessel wall,
the maximum permissible strain for 304 stainless steel was 0.33
in/in or about 1/2 ¢,

(¢c) The presence of multiple apertures or nozzles at the
mid-meridian did not affect appreciably the respective contain-
able charge weights for the cases of one aperture or one nozzle,
although the average circumferential strain was less., However,
the local deformation and thickness of the vessel wall at points
equidistant from the discontinuities appeared to have the same
characteristics as the uninhibited deformation of idealized
models for equivalent charge weights,

On the basis of these experiments, it was postulated that
the maximum permissible strain for vessels with nozzles (no
constraints external to vessel) should be

€ < eu/é

There is additional reason to believe that this strain restriction
is conservative; <the integrity of the welded nozzles of the
models is not considered as sound as the flanged or forged nozzles
found in typical reactor vessel construction. Apperdix B gives
additional data concerning the strain pattern around an aperture
and nozzle for the two vessels shown in Figure 7.6. These data
should be useful to those concerned with the detail design of
nozzle connections for reactor vessels and ancillary piping.
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7.5 Loss-of-Coolant Experiments. To determine the enhance-

ment in explosion contalmment potential resulting from the
complete loss of liquid coolant, a limited number of experiments
were conducted in 5" ID, 10" length, 1/16" and 1/8" wall, 304
stainless steel (cast) vessels of the type shown in Figure 7.4.
In each test the vessel was filled with air at atmospheric
pressure and ambient temperature, and the explosive charge was
detonated at the centroid of the vessel. Charge weight -
terminal strain results are given in Table 7.3, and the uniform
increase in deformation with charge weight for 1/8" wall models
is shown in Figure 7.7. The localized deformation pattern and
a comparison with that of water-filled vessels were shown pre-
viously in Figure 6.1.

7.6 Applicability of Free-Water Explosion Relations. In the
development of the embryonic format (Chapter 6), it was assumed
that conventional free-water explosion relations could be
employed in characterizing the wall loading. However, Cole

in reference (1) states that the use of these relations is
questionable for distances closer to the charge than 7 to 10
charge radii. In some of the water-filled vessel experiments,
the distance to the vessel wall was as small as 3 charge radii.
Therefore, to indicate the adequacy of the free-water relations
for this close-in domain, pressure-time records were obtained

from two experiments conducted in a closed, rigid-wall, cylin-
drical control vessel shown in Figure 7.8. In each test:

(a) a 1/4" diameter tourmaline pilezoelectric gage was
located at the mid-meridian approximately 1/4" from the internal
wall surface

(b) the vessel was filled completely with water at
atmospheric pressure and 70CF

(¢) a compact 18-gm pentolite charge was detonated at
the vessel centroid.
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A pressure-time trace obtained from one of these tests is
shown in Figure 7.9. The peak shock pressure of ~ 52,000 psi
was a combination of the incident and reflected waves, After
the shock decayed, two steps of pressure were noted, The first
step, ~ 25,000 psi, is believed to be the maximum internal-
blast pressure:; it should have remained at this level for the
duration of the 1/2-msec trace*. However, due to a partial
top-closure fallure and subsequent movement, the pressure
suddenly dropped to 19,000 psi. The piezoelectric gages
employed in this study were calibrated via the method and
rationale reported by R. L. Davis in reference (s).

From a reactor containment point of view, the most important
portion of the plot shown in Figure 7.9 is the shock wave,
Conventional free-water equations for the pentolite shock wave
are given by Cole in reference (1) and by the Naval Ordnance
Laboratory in reference (t) as

P=p e /0 (7.1)
where

P =2.25 x 10% (wl/3r,)1-13 (7.2)

o = 0.06 wl/3 (w1/3/R1) -0.18 (7.3)

¥ It Is to be expected that the internal blast pressure in

the rigid wall vessel would exceed significantly that correlative
with gross plastic deformation. For example, if the product
gases in this rigid wall vessel were allowed to expand iso-
thermally 100 fold, as in the case of gross plastic deformation,
the blast pressure would be reduced to about 250 psi - several
orders of magnitude below the shock pressure,
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and the nomenclature and units are

P e ¢« « « Aincident wave pressure, psig

Pm . « « « peak pressure of incident wave, psig

t e o« « o time, msec

) « « o« o« time constant of incident wave decay, msec
W « « « « charge weight, 1b

Ry . . . . distance from charge, ft

If the shock 1s assumed to be a plane acoustic wave reflected
from a normal rigid surface with a velocity of about 5000 ft/bec,
then, for W = 18 gm =~ 0.04 1b, the calculated pressure felt by a
gage 1/4" from a 2,.5" radius cylinder wall would be that given
by the dashed-line curve shown in Figure 7.10.

The frequency response of the recording instrumentation was
about 50,000 cycles/becond. Modification of the calculated curve
was made to account for this recording deficiency (this was more
feasible than correcting the experimental data), and the solid-
line curve in Figure 7.10 resulted. A comparison of this
hypothesized solid-line curve with the shock portion of the
actual pressure-time trace (Figure 7.9) is significant: good
agreement exists in the sense that the parameter of importance
to containment is the impulse or the area under the incident
pressure-time curve, These experiments provided important
additional evidence that conventional free-water shock relations
can be employed fruitfully in characterizing the shock loading
function correlative with containment.

The application of equations (7:1), (7.2), and (7.3) to
the vessel and test conditions specified in Figure 6.2 yields
the pressure-time plot shown in Figure 7.11. Superposed on
this curve are the deformation- and velocity-time plots given
by Figures 6.3 and 6.4, It 1s noted that the displacement and
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pressure curves are shown with the same origin, although it

is known that, time-wise, the shock wave preceded the plastic
deformation. Since the framing rate of the high-speed camera
could not define time zero closer than 40 microseconds, common
origins were chosen for convenience, It is seen that 90 per cent
of the incident impulse occurred within 100 microseconds as com-
pared to the total deformation time of 600 microseconds. The
fact that the loading time was short relative to the deformation
time 1is consistent with the instantaneous velocity hypothesis

of section 6.2: when the shock wave strikes the internal wall
of the confining vessel, the wall responds with a virtually
instantaneous initial velocity.
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SEAMLESS WELDED PLATE

FIG. 7.1 TYPICAL TEST VESSELS OF SEAMLESS AND WELDED CONSTRUCTIONS
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FIG. 7.9 RECORDED PRESSURE-TIME TRACE FROM 18-Gm EXPLOSION IN CONTROL VESSEL
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FIG. 7.10 PREDICTED PRESSURE-TIME CURVES FOR 18-Gm EXPLOSION IN CONTROL VESSEL
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TABLE 7.1

RESULTS OF EXPERIMENTS IN EXPLOSION-LOADED, WATER-FILLED IDEALIZED VESSELS

INTERNAL WALL
DIAMETER (Llwc(i:eksi) THICKNESS CHARGE | RADIAL
(INCHES) (INCHES) WEIGHT | STRAIN

(GRAMS) | (IN/IN)

304 STAINLESS STEEL, WELDED-PLATE CYLINDERS

8.0  0.289
9.0  0.316
— 0.060 ——— 10.0  0.343
| 1.0 0.366
[ 12.0** 0.195
18.0 **  0.271
22.0 ** 0.33]
5 10 0.118 22.0  0.349
23.0  0.357
24.0  0.304
25.0  0.349
50.1 0.295
56.1 0.338
29 60.1 0.295
| 641 0.338
80.2 0.366
100.8  0.434
oLk 120.1  0.506
| 140.0  0.568
[160.0 **  0.280
180.0 ** 0.315
200.0 ** 0.348
210.2 0.383
10 20 0.253 229.3 0.425
275.5  0.487
325.4* 0.387
325.7 %  0.546
359.8  0.569
" 669.3*  0.512
L 0.515——— 725.7* 0.468
775.5*  0.490
280.8  0.180
477.8 0.231
— 0.253 960.0 -
960.8  0.297
[(1702.6 *  0.412
2103.1 0.523
40 0.515 2242.0*  0.516
2248.5  0.529
[ 2501.0  0.561
1000.0 0.110
20 2501.0  0.265
L 1.030 3492.0  0.288
| 5011.0  0.342
60 1.030 {:2496.0 0.236
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TABLE 7.1 ( Continued)

RESULTS OF EXPERIMENTS IN EXPLOSION-LOADED, WATER-FILLED IDEALIZED VESSELS

INTERNAL e WALL PENTOLITE TERMINAL+ FAILUREH INITIAL
DIAMETER (INCHES) THICKNESS CHARGE RADIAL OR STRAIN TEST
(INCHES) (INCHES) WEIGHT | STRAIN CONTAINMENT | RATE _, NO.
(GRAMS) |(IN/IN) | MODE (SEC ')
304 STAINLESS STEEL, CENTRIFUGALLY-CAST CYLINDERS
16.0 *** 0.295 6 L 4%
18.0 *** 0.352 5 = 47
0.125 19.0 *** 0.381 3 S 48
| 21.0%** - 4 - 49
—_— 0 [~ 50.1 *+* 0.375 5 = 50
50.5 *** 0.354 5 S 51
50.5 *** 0,385 3 - 52
58.1 0.425 6 S 53
0.250 70.2 0.461 6 o 54
75.3 0.497 5 = 55
> 85.0  0.483 3 = 56
| 100.0%++* - 4 . 57
20 0.125—] 19.0+** 0.370 5 - 58
[ 189.8 0.463 5 1450 59
189.9 0.440 3 1490 60
0.250 —— 200.2 0.413 4 S 61
250.1 = 4 - 62
10 20 -
L [~ 461.0 0.421 6 IB-IO 63
481.2 0.447 5 64
0.500 497.7  0.436 3 = 65
| 569.2 0.440 4 - 66
410 STAINLESS STEEL, CENTRIFUGALLY-CAST CYLINDERS
ANNEALED
[~ 2.3 0.118 6 = 87
2<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>